Monte Carlo (MC) simulations have been used to fully model organic solar cells. The quantum efficiency and short-circuit current of these virtual devices are in excellent agreement with experimental measurements. Simulations show that, contrary to expectation, indium tin oxide/ poly (3,4-ethylenedioxythiophene) poly(styrenesulfonate)/poly(3-hexylthiophene):[6,6]-phenyl-C61-butyric acid methylester (PCBM)/aluminium devices lack effective charge blocking layers at the electrode interfaces. X-ray photoelectron spectroscopy depth profiling shows that despite a PCBM-rich region near the cathode, interface intermixing at the electrodes combined with incomplete PCBM coverage leads to significant interface recombination. This work highlights the effectiveness of MC simulations as a predictive tool and emphasizes the need to control electrode interface processes. 1-6 The MC approach allows for a full treatment of the relevant processes in an organic solar cell (including light absorption and subsequent transport, dissociation and recombination of excitons, and free charges) while accounting for the blend morphology of the photoactive layer. [7] [8] [9] In principle, the MC approach allows for the development of a "virtual solar cell" whereby, for a known morphology, OPV performance could be predicted by modelling these internal processes. However, although MC simulations have been shown to describe experimental observations qualitatively, 2,3,5,10 a direct quantitative comparison of modelled and experimentally measured OPV performance indicators such as internal quantum efficiency (IQE) and short-circuit current density (J sc ) for a specific OPV system is still lacking. Here, we report a quantitative description of bulk heterojunction (BHJ) OPV devices with the conventional structure indium tin oxide (ITO)/poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS)/poly(3-hexylthiophene) (P3HT): [6,6]-phenyl-C61-butyric acid methylester (PCBM)/ aluminium (Al) using a dynamic Monte Carlo approach.
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A first-reaction method, which has been shown to model charge dynamics accurately for materials such as P3HT and PCBM, 11 is applied to decrease the computational burden. The internal optical field, and thus the exciton generation profile, in our devices has been determined using transfer matrix techniques as described previously, 12,13 using optical models similar to those used by others 14, 15 and used in previous work. 16 Exciton transport is modelled according to F€ orster resonance energy transfer theory. 17, 18 The hopping behaviour of charges that are created at the P3HT:PCBM heterointerface after exciton dissociation is modelled using Marcus theory. 17, 19 The coulomb interaction between charges and image charges (surface charge induced at electrodes) is taken into account. The sphere of electrostatic influence of each charge carrier is taken as the ceiling of the thermal capture radius. The reorganisation energy, k, was chosen to be 0.5 eV, which is in the range of commonly accepted values used in these simulations 1, 17 and is in accordance with experimental data. 20 Charge extraction is described using Marcus theory.
2,3 Conventional values for the energy levels and other relevant parameters were used (Table I) . Morphologies with a feature size (defined as 3 V/A, where V is volume and A is interfacial area of the two organic moieties) of 14.2 nm were generated using a cellular automata method. 17, 21 The BHJ morphologies did not contain isolated islands and formed an interpenetrating network from one electrode to the other (see supplementary material for a depiction of the morphologies 44 ). The feature size used here is comparable to domain sizes used in other Monte Carlo models 2,4,5 and is in accordance with an estimation of P3HT:PCBM domain sizes based on atomic force microscopy phase imaging. 22 At this feature size exciton dissociation is efficient ($95%), which correlates with the almost complete quenching of photoluminescence observed in these devices. [23] [24] [25] Approximately, 50% of the anode was covered by P3HT and 50% of the cathode was covered by PCBM unless blocking layers were simulated, in which case the blocking layer ensures 100% electrode coverage by the desired material.
OPV devices were fabricated on glass substrates with patterned ITO after cleaning with a series of solvent sonications and a 15 min plasma treatment in a mixture of air and pure oxygen. A 40 nm layer of PEDOT:PSS was applied by spincasting, then annealed for 10 min at 140 C. The annealing was conducted in an inert environment, as were all a) subsequent fabrication steps. A 1:1 blend of P3HT and PCBM was dissolved in chlorobenzene with various concentrations to obtain various thicknesses. The solution was filtered (0.2 lm), and then spincast on top of the annealed PEDOT:PSS to form the active layer of the device. A 100 nm thick Al cathode layer was deposited by evaporation. The samples were then annealed for 4 min at 140
C. Short circuit current density was obtained from the device currentvoltage (I-V) curves measured under AM1.5 illumination (light source is a Newport Oriel class A model 91160 A solar simulator) using a Keithley SourceMeter (model 2400). These measurements were converted into total IQE by modelling the true absorption of the photoactive materials to determine the total number of absorbed photons and by calculating the total number of extracted electrons from the J sc measurements. Since the devices were small (<1 cm 2 ), the real J sc in the absence of edge-effects was established by measuring devices of different sizes and extrapolating to large area (see supplementary material 44 ). 12 different devices were fabricated at each thickness and the average IQE and J sc values together with the corresponding standard deviations were calculated.
As shown in Figs. 1(a) and 1(b), there is excellent agreement between the experimental and modelled results, with the data generated for the virtual organic solar cell corresponding to the measured values to within the statistical error of the measurements.
For an optimal device, holes are transported to the ITO anode and electrons to the metal cathode exclusively and subsequently extracted into the external circuit. However, in the absence of a selective electrode or a blocking layer, it is possible for charge carriers to hop into the opposite polarity electrode (albeit with a smaller probability) resulting in reduced device efficiency. For the P3HT:PCBM system, it is well known that thermal annealing affects the vertical composition of the active layer, 32 leading to enrichment of the components at the electrode interfaces. 33 Indeed, previous work has indicated that annealed P3HT:PCBM devices should contain P3HT-rich and PCBM-rich blocking layers at the anode and cathode, respectively, resulting in improved electrode selectivity. 32 In order to establish the theoretical effectiveness of these blocking layers, we initially modelled 4 different solar cell configurations: (1) blocking layers at both electrodes, (2) one blocking layer at the anode, (3) one blocking layer at the cathode, and (4) no blocking layers. Fig. 1(c) shows the difference between the modelled and experimental IQE values (DIQE) for each of the initial 4 configurations, with the error bars and shaded region showing the standard deviation in the experimental measurement. It is clear that DIQE is minimised for the model with no blocking layers and that, surprisingly, the addition of blocking layers at the electrodes results in a progressively poorer fit to the data. As such, the MC model suggests that, contrary to expectation, there are no effective blocking layers present in this experimental system.
In order to gain further insight into the dominant recombination mechanisms that are operating for each model, we have calculated separately the total bulk recombination efficiency (which consists of bimolecular, geminate and exciton recombination) 34 and the interface recombination efficiency. Fig. 2 shows the bulk and interface recombination efficiency as a function of thickness for each model and reveals that, in the absence of any blocking layers, interface recombination is significant for all thicknesses and increases for thinner films. The optimal device efficiency is obtained for an active layer thickness of $80 nm, which correlates well with the intersection point of the bulk and interface recombination efficiencies. Interestingly, although interface recombination efficiency is lowered in the presence of a cathode blocking layer, the reduction is moderate. On the other hand, an anode blocking layer leads to a large increase in performance. This difference in performance gain is related to the difference in the number of excitons generated near the cathode and anode. When the system contains blocking layers at both electrodes, interface recombination is necessarily eliminated for all thicknesses. In order to quantify the relative importance of the two mechanisms, the ratio of interface to bulk recombination (for the model of best fit) is plotted in Fig. 2(e) . As might be expected, for thin layers (<100 nm), recombination is substantially influenced by the electrode interfaces, but for thicker layers interface recombination has a minimal impact on device performance.
In order to determine directly the vertical composition of the P3HT:PCBM devices, x-ray photoelectron spectroscopy (XPS) depth profiling measurements using an argon sputtering source were conducted on annealed and unannealed devices (Fig. 3) . The composition as a function of depth was tracked by measuring the change in the area of the elemental XPS peak relevant to the component of interest. Thus, the aluminium layer is directly identified by measuring the Al 2p peak, the active layer is identified from the carbon 1s peak and the anode is tracked by looking at the indium 3d 5/2 peak. In addition, by monitoring the sulphur 2p signal and the carbon:sulphur (C:S) ratio, it is possible to monitor both the relative P3HT:PCBM concentration and to differentiate between the active and PEDOT:PSS layers. 35, 36 Figs. 3(a) and 3(b) show the XPS depth profiles for the unannealed and annealed devices, respectively. Whereas the unannealed device exhibits a constant PCBM:P3HT ratio throughout the active layer, it is clear that in the annealed device the carbon concentration is higher at the cathode than in the middle of the active layer suggesting that PCBM has segregated to the top electrode. In fact, we calculate that the PCBM concentration is 1.5 times higher near the cathode than in the bulk of the layer. In both cases, the C:S ratio is constant in the middle of the active layer and then decreases to a lower plateau before reaching the substrate interface; consistent with the presence of a P3HT:PCBM layer atop a PEDOT:PSS layer. Thus, the XPS data supports the prediction that, upon annealing, PCBM migrates to the cathode. In principle, therefore, the presence of a PCBM-rich region at the top electrode, coupled with a PEDOT:PSS layer at the substrate interface, should result in blocking layers at both interfaces; contrary to the conclusions of the MC modelling shown in Fig. 1 .
However, there are a number of possible explanations for the apparent inconsistency between the observation of interface layers in the device and the fact that the best fit MC model contained no blocking layers. First, interdiffusion is known to occur between the metal electrode and the blocking layer resulting in an incomplete blocking layer. 37 The broad cathode and anode interface widths shown in Fig. 3 arise from interdiffusion during device fabrication and from ion beam mixing effects induced by the incident 3 kV Ar ion beam. 38 The widths of the Al/P3HT:PCBM (cathode) and PEDOT:PSS/ITO (anode) interfaces were measured to be 11.1 nm and 14.4 nm, respectively (see supplementary material). These widths are marginally larger than the interface width due to ion beam mixing (10.7 nm), which we have calculated to a first approximation using the TRIDYN-FZR simulation package 39 (see supplementary material). As such, the depth profiling measurements indicate that interpenetration of aluminium into the PCBM rich layer and indium into the PEDOT:PSS layer occurs within 10-20 nm of the interface, consistent with previous reports. 37 Second, the measured PCBM enrichment (1.5 times the P3HT concentration by weight) at the cathode would only lead to a 60% PCBM coverage and hence result in an incomplete PCBM interface layer. Finally, PEDOT:PSS has actually been shown to have relatively poor electron-blocking properties. 40, 41 This combination of: (a) interdiffusion at the electrodes, (b) incomplete PCBM layer formation at the cathode, and (c) poor PEDOT:PSS electron-blocking capability at the anode would eliminate any blocking effect of these interface layers; consistent with the significant interface recombination and poor electron/hole blocking properties that are predicted by the Monte Carlo simulations and explaining why the best fit is obtained when assuming no blocking layers at all. In order to test this hypothesis, a fifth set of simulations were run using the electrode coverage indicated by the XPS measurements, i.e., 58% of the anode is in contact with P3HT and 60% of the cathode is in contact with PCBM. As shown in Fig. 1(c) , the performance of this fifth virtual device structure agrees with the experimental data to within the statistical error of the measurements, thus demonstrating that the device performance as a function of active layer thickness is consistent with the absence of effective blocking layers.
Thus, a consistent picture has emerged, with the simulation indicating that there are no perfect blocking layers present, in agreement with the observed intermixing at the electrode interfaces. The excellent agreement between the modelled and experimental photocurrent data, supported by the conclusions from the XPS analysis provides confidence that the simulation is indeed accurately representing real device performance. Returning then to the simulation results, we see that the model predicts that OPV devices with blocking layers are actually more efficient for all thicknesses ( Fig. 1) and that interface recombination is the dominant loss mechanism (Fig. 2) . Possible interfacial recombination mechanisms include reverse diffusive recombination at contacts 34, 42 or recombination through defects or impurity states at the interface for thin devices. 43 As such, the simulation suggests that improving the selectivity of the electrodes will lead to an increase in device performance.
In conclusion, we have shown that dynamic Monte Carlo models are not only useful from a qualitative point of view, but also correspond well with experimental data from a quantitative perspective. We have quantified the effect of interface recombination on device performance as a function of thickness and have shown that electrode interfaces dominate the performance of P3HT:PCBM devices for thin active layers (<100 nm) and remains significant until a thickness of $150 nm. Furthermore, XPS depth profiling reveals the presence of substantial interface mixing at both electrodes. This observation, combined with the fact that the PCBM rich region at the cathode interface cannot provide complete coverage and that PEDOT:PSS has poor electron blocking properties, leads to the significant interface recombination that is predicted by the Monte Carlo simulations. Modelling suggests that a substantial performance gain may be achieved by improving charge selectivity at the anode, while charge selectivity improvements at the cathode result in a smaller performance increase. Overall, this work highlights the effectiveness of Monte Carlo simulations as a predictive tool and, in doing so, emphasizes the need to understand and control interface processes in OPV devices.
